Composite data describing ocular pharmacokinetics are unreliable because of intersubject variation. To address this problem, an animal model was developed in which multiple aqueous samples from single subjects were obtained. Following direct anterior chamber or intravenous administration of amikacin or chloramphenicol, pharmacokinetic analysis of drug concentrations in the serum and anterior chamber was performed by using a nonlinear least-squares regression program. The number of anterior chamber paracenteses performed did not alter the beta elimination rates or percent penetration into the anterior chamber. The aqueous humor and peripheral-compartment terminal slopes were identical. These data indicate that complete ocular concentration-time curves can be obtained without altering antibiotic pharmacokinetics. Following direct injection into the anterior chamber, the elimination rates for both antibiotics followed a one-compartment model, whereas those following intravenous administration best fit an open, first-order, two-compartment model. Following intravenous administration, the anterior chamber elimination rate constants for both drugs were equal to that of the serum and significantly longer than that following direct injection. The elimination rates of both drugs following direct injection were similar. Systemic administration resulted in drug levels in aqueous humor that persisted longer than those following direct injection. Chloramphenicol, a lipophilic compound, gave higher mean concentrations in aqueous humor than did amikacin. Our model provides a new approach which rigorously examines ocular pharmacokinetics and provides data which suggest that for selected compounds the parenteral route of administration is preferable.
Ocular pharmacokinetics, the study of drug absorption, distribution, and elimination, has focused primarily on description of kinetic events following local drug administration (22, 24) . Despite the potential benefits of parenteral drug administration in selected ocular diseases (6, 23a, 27) , there are limited data characterizing ocular pharmacokinetics following systemic drug administration.
Previous studies in our laboratory examined the pharmacokinetics of 5-fluorocytosine (5FC) in the aqueous and vitreous humors and the sera of rabbits following systemic or subconjunctival administration (27) . Kinetic modeling permitted objective comparison of 5FC pharmacokinetics following administration by both routes. These data suggested that for lipophilic compounds such as 5FC, the duration of therapeutic concentrations in the aqueous humor was significantly longer when the drug was systemically administered. We showed that the rate of elimination from the aqueous humor following oral administration was similar to that in serum, with terminal elimination half-lives of 3.0 and 3.2 h, respectively. Drug elimination following subconjunctival injection was significantly more rapid. Moreover, following subconjunctival injection no vitreal penetration was observed whereas following oral administration the mean concentrations in the aqueous and vitreous humors were equal.
However, it is important to recognize that our data, as well as the ocular pharmacokinetic data of others (4-7, 11, 12, [14] [15] [16] , are based on a methodologically imprecise approach (26) . While pharmacokinetic coefficients can be derived from indirect studies investigating ocular pharmacody-namics or by using fluorescent probes, for most drugs such data cannot be obtained noninvasively. As a result, ocular antibiotic studies generally examine a single level in one or more subjects to determine whether therapeutic concentrations are achieved. Occasionally, pharmacokinetic analysis is performed by combining samples of aqueous humor, each representing a single concentration-time point from different subjects (4, 5, 8, 11, 14, 16) . However, the intersubject scatter in these studies is very large so that reliable kinetic parameters are difficult to establish. While there has been a recent attempt to circumvent this problem by obtaining serial aqueous humor samples in the same animal after a washout period (18) , the reliability of this approach has not been validated.
Accurate pharmacokinetic information regarding optimal routes of drug administration has fundamental implications for clinical practice. Therefore, to permit more rigorous examination of ocular pharmacokinetics we developed an animal model which permits repeated sampling of the aqueous humor without altering drug kinetics. By using this animal model, we demonstrated that the important differences in the kinetics of drug elimination previously observed with 5FC following systemic versus local drug administration are present for other antimicrobial agents as well.
( Antibiotic level assays. To determine amikacin levels in the serum and aqueous and vitreous humors, a one-dimensional vertical-diffusion microbiologic assay was performed. This assay, described by Edberg and Sabath (10) , was modified to determine antibiotic levels in 5-pI samples. Blood samples were allowed to clot and were immediately centrifuged at 500 x g for 15 min. Prior to analysis, all samples were stored at 4°C, for vitreous humor samples, which were stored at -70°C until analysis. Serum and aqueous humor samples were processed on the day they were obtained. For analysis of amikacin levels, the test organism was Staphylococcus aureus ATCC 25923. Prior to the assay, the organism was incubated at 37°C for 1 to 2 h to achieve log-phase growth. The medium was then diluted in 0.85% sterile NaCl in a 1:100 dilution to achieve a final inoculum of 106 organisms per ml, using a MacFarland 0.5 standard. One percent purified agar (Difco Laboratories, Detroit, Mich.) and a nutrient broth (8 g/liter; Difco) were prepared with distilled water and adjusted to pH 8 with 1 N NaOH. This solution was heated to 52 to 55°C, mixed with S. aureus in a 1:10 dilution, poured into Wintrobe tubes (115 by 3 mm; Clay Adams), and allowed to harden. All agar tubes were prepared on the day of use. Five-microliter aliquots of serum or aqueous or vitreous humor were then pipetted onto the surface of the agar and incubated overnight at 37°C in an ambient-air incubator. Zones of inhibition were read with a magnifying eyepiece calibrated to 0.1 mm. Ten standards were prepared in physiologic sterile saline ranging from 50 to 0.04 ,ug/ml to determine a standard concentration curve. The accuracy of this method is comparable to the standard well diffusion microbiological assay (data not shown) and was sensitive to 0.04 pug/ml, with a coefficient of variation of 9%.
Chloramphenicol levels were assayed by high-pressure liquid chromatography. Serum and aqueous and vitreous humor samples were stored at -70°C until analysis. Samples were run undiluted at 35°C in a column (15.0 cm long by 0.42 cm wide) packed with Nucleosil 5-C18. Drug extraction was performed by using 100 pul of serum or vitreous humor or 10 pu1 of aqueous humor in 10 ,ul of zinc sulfate (ZnSO4)-100 pul of benzoic acid-100 ,u1 of acetonitrile (CH3CN). Samples were then vortexed and centrifuged, and 50 ,ul of supernatant was injected into the column. The mobile phase (770 ml of 0.1 M ammonium phosphate, 230 ml of acetonitrile, and 0.5 ml of acetic acid in a buffer of 11.5 g of ammonium phosphate per liter) was delivered to the column at a rate of 2 ml/min with a Consta Metric model 111 pump (LDC, Riviera Beach, Fla.). Samples were injected by a 7120 syringe-loading Rheodyne injector. Chloramphenicol was monitored at 280 nm with a Miton Roy SM4000 UV detector. The detector signals were output to a model 4416 data station (Nelson Analytical, Cupertino, Calif.) with a linear strip chart recorder running at a speed of 30 cm/h recording the results. Quantitation of the antibiotic present was done by using the peak height of the concentration. Standards were prepared at 5, 10, 20, 30, 40, and 50 p.g/ml, and controls were prepared at 12.5 and 25 ,ug/ml by using 15 ,ug of chloramphenicol (UTAK Laboratories, Saugus, Calif.) per ml. The assay sensitivity was 0.02 ,ug/ml.
Pharmacokinetic analysis. Pharmacokinetic analyses of the plasma and aqueous humor concentration-time relationships after systemic administration and direct ocular administration were performed by using an iterative, nonlinear, weighted, least-squares regression program, RSTRIP (23) . The most appropriate pharmacokinetic models for each animal or set of data were determined by using the RSTRIP model selection criterion, which is a modified form of Akaike's information criterion (3) . Estimations for each exponential coefficient and time constants were computed with the standard deviations of each estimate, along with its 95% confidence range, calculated by using both univariate and support plane approximations for the bounds of the 95% confidence range. On the basis of the coefficient of determination and model selection criterion, aqueous humor and serum antibiotic concentration-time data following intravenous administration best fit the biexponential equation C = A&at + Be7b , where a and b are the rate constants in the distribution and elimination phases, respectively, and A and B are the coefficients of the exponential terms for a and b, respectively. Concentration-time data obtained following direct anterior-chamber administration was best fit the monoexponential equation describing a one-compartment model. Other standard pharmacokinetic parameters were determined by using computer-generated primary coefficients and standard pharmacokinetic equations (13) . Peripheral-compartment concentrations were calculated by using hybrid coefficients and microconstants (13 
RESULTS
Characterization of the animal model. Our first objective was to determine whether multiple aqueous paracenteses would alter the rate of drug elimination. Several pharmacokinetic parameters were determined, including the terminal (1) elimination rate and extent of aqueous humor penetration.
In this first series of experiments, we examined aqueous humor kinetics following direct drug administration into the anterior chamber. These studies were performed to determine whether increasing the number of paracenteses altered the rate of drug elimination from the anterior chamber. The rationale behind these experiments was as follows: if serial paracenteses cause an alteration in the kinetics of efflux, then the slope of drug elimination would vary as a function of aspiration number. As shown in Fig. 1 , there was no change in the elimination slopes for amikacin or chloramphenicol during a 2-h sampling period (r = 0.999), suggesting that serial paracenteses did not alter the elimination rate. These observations were significant at the 0.01 level.
Confirmatory data are provided in Fig. 2 , which shows the effects of sequentially delaying the time of the first paracentesis on both drug penetration and the terminal elimination rate. The upper panel of Fig. 2 shows the mean serum kinetic data, and the lower panel shows the drug levels in the aqueous humor of both eyes for all five animals. We will refer to the first aqueous humor sample in the right or left eye of each animal as the virgin eye point. The percentage of the drug dose reaching the eye was calculated by comparing the AUC for a curve describing concentration-time data using sequential virgin time points from different animals (arrows) with that of the drug in the serum of the same animal. The AUCaqueous/AUCserum ratio for virgin eye points and the AUCaqueous/AUCserum ratio following multiple paracenteses (Fig. 3) were similar. In fact, there was slightly more penetration (15 versus 10%) in virgin samples; these differences were not statistically significant. Previously, aqueous aspiration has been shown to increase rather than decrease the percent penetration (25) . The mean elimination rate constants for serum and right and left eyes (solid lines) were 0.4979 ± 0.165, 0.476 ± 0.147, and 0.3832 ± 0.050 h-1, respectively. Analysis of variance revealed that there were no differences between the serum and aqueous humor elimination rate constants in these five animals (P > 0.05, F = 1.08). Since the aqueous humor elimination rates represent data from animals in whom the terminal elimination rate curves were sequentially delayed and had three to five paracenteses, they also support direct-injection studies indicating that serial paracenteses do not alter the aqueous humor elimination rate.
Pharmacokinetics following intravenous administration. We next compared the kinetics of amikacin and chloramphenicol in the aqueous humor by measuring sequential drug concentrations in the serum and aqueous humor of two groups of five animals each. These studies were performed to confirm the validity of our animal model further. Moreover, by using this model we wanted to confirm several observations based upon earlier studies with 5FC (27) , including the question of whether drug elimination from the aqueous humor following systemic administration is equal to that from plasma. In these experiments, we compared amikacin and chloramphenicol since they have different physicochemical properties which are known to influence penetration of blood-brain and blood-aqueous humor barriers. Chloramphenicol, which is both lipophilic and uncharged (12) , has better penetration of the blood-aqueous humor barrier (2, 9, 17, 20) than does amikacin (8, 17) . Figure 3A and B show the mean drug levels in serum and aqueous humor of five rabbits given amikacin intravenously. These data are plotted arithmetically (Fig. 3A) to better visualize the relative penetration. Figure 3B shows from the AUC data was 10% which, as noted earlier, is similar to that derived from virgin eye points in the first group of five animals ( Fig. 1) . While albino rabbits may have higher aminoglycoside concentrations in aqueous humor than do pigmented animals (11), the degree of penetration for amikacin was comparable to that observed for other aminoglycosides in human subjects (6) . Figure 3C and D show the pharmacokinetic data from mean chloramphenicol concentrations in serum and aqueous humor following intravenous administration. As with parenteral amikacin, concentrations in both serum and aqueous humor best fit a two-compartment open model. The a elimination for serum was 0.602 h-', and the ,B half-life was 1.1575 h. The corresponding values for aqueous humor were 0.673 h-1 and 1.03 h, respectively. The maximum concentrations in serum and aqueous humor were 109. 3 and 8.16 tug/ml,'respectively, and the degree of penetration calculated from mean concentration data for serum was 28%. The average drug level in vitreous humor at the time of sacrifice was 1.1 ,ug/ml.
Additional data indicating that multiple paracenteses did not alter the kinetics of drug elimination from aqueous humor are'provided by the comparison of the serum, aqueous humor, and peripheral-compartment elimination rates. Figure 4A shows a computer-generated concentration-time curve for a two-compartment model. As shown, in the postdistributive phase concentrations in the serum and peripheral compartment decline at the same rate (13) . While terminal elimination in the hypothetical peripheral compartment need not correspond to that in the anterior chamber, the observation that serum and aqueous humor elimination rates were equal was expected since identical results had been noted with 5FC (27) . Figure 4B shows serum, peripheral-compartment and aqueous humor concentration-time curves for amikacin. The inset shows the same data for chloramphenicol. Peripheral-compartment data were calculated from serum data by using standard methods (13) . The aqueous humor elimination rates for both chloramphenicol and amikacin were identical to those in the peripheral compartment and serum. The peripheral-compartment and aqueous humor concentrations of amikacin were less than that in the serum. However, the elimination slopes were parallel throughout the'course of the experiment, although progressively more paracenteses were obtained. If serial paracentesis caused a breakdown in the blood-aqueous humor barrier to amikacin, the levels in the aqueous humor would have approached that in the peripheral compartment and eventually that in the serum. While the terminal aqueous humor and serum levels of chloramphenicol were equal, this was also true for the peripheral compartment. Consistently, previous studies using data pooled from different subjects show excellent penetration for chloramphenicol but not for amikacin into the aqueous humor (2, 8, 9, 17, 20) .
Slit lamp examination of both groups following paracenteses after intravenous drug administration showed minimal evidence of inflammation. Evaluation of the aspirated terminal aqueous humor for leukocytes revealed fewer than or equal to 5 cells per mm3 for the amikacin animals and 7 cells per mm3 for the chloramphenicol animals, compared with 2 and 13 cells per mm3 in the respective contralateral controls.
Pharmacokinetics following direct inection. To determine whether the rate of drug elimination following local administration was independent of the physicochemical properties which regulate entry from the serum, we compared the rates of drug elimination from the aqueous humor for both amikacin and chloramphenicol following direct injection. We were particularly interested in confirming data from earlier studies (27) suggesting that elimination rates following direct aqueous humor injection for disparate compounds would be equal to one another and more rapid than those following systemic drug administration. The pooled t test-(MINITAB) was used to test this prediction. As shown in Fig. 1 DISCUSSION Most studies which examine ocular drug penetration simply determine whether therapeutic concentrations are achieved. Such data are of limited value compared with an objective examination of drug pharmacokinetics (22) . While there are limitations in using an animal model rather than data obtained from clinical trials, it is ethically impossible to perform elaborate ocular pharmacokinetic studies with humans. Fortunately, the rabbit is a reasonably reliable model for the study of ocular kinetics (6, 21, 22, 24, 25) . Since we believe that pharmacokinetic information regarding optimal routes of drug administration has important implications for ocular therapeutics, we have developed a rabbit model which permits objective pharmacokinetic analysis and determination of population kinetic parameters. However, it should be emphasized that while our studies examined the pharmacokinetics of antibiotics, they are intended to describe basic ocular pharmacokinetics rather than provide information which is immediately relevant in the treatment of infections. Furthermore, while direct drug injection into the anterior chamber is not used therapeutically, we employed this route of drug administration to facilitate pharmacokinetic modeling.
Previous studies have shown that traumatic aspiration of large aqueous humor volumes may increase the penetration of drugs (6-8, 21, 22, 25) . Moreover, removal of a large volume of aqueous humor may also decrease aqueous humor flow-dependent drug elimination. To develop an in vivo ocular pharmacokinetic model which permitted repeated aqueous humor paracenteses from the same animal but did not alter drug kinetics, we constructed a lancetlike instrument consisting of a 30-gauge needle fused to a calibrated microcapillary tube. This instrument permitted multiple small samples of aqueous humor to be obtained relatively atraumatically. In rabbits, the aqueous humor volume is 350 RI, and the aqueous humor flow rate is 250 p1/h (22) . Our sample volume represented only 2% of the total aqueous humor volume, and this procedure was associated with little inflammation.
To determine whether multiple aqueous humor samplings altered the rate of drug elimination, we examined the terminal elimination rates following direct anterior-chamber injection of amikacin. Serial sampling had no effect on the rate of amikacin elimination from the aqueous humor. These observations were corroborated in similar studies with chloramphenicol. To establish that serial paracenteses did not affect the blood-aqueous humor barrier and, hence, penetration of the drug into the aqueous humor from the serum, the percent penetration utilizing only a single virgin aqueous humor concentration-time point per animal (Fig. 2, arrows) was compared with that calculated on the basis of multiple concentration-time points (Fig. 3) (27) , including the question of whether drug elimination from the aqueous humor following systemic administration is proportional to that from the plasma. In these studies, we used amikacin and chloramphenicol since they possess different physicochemical properties known to influence the ability to cross the bloodaqueous humor and blood-brain barriers. The kinetics of both drugs following intravenous administration were well described by a two-compartment open model in which absorption, distribution, and elimination followed first-order kinetics. Pharmacokinetic data obtained following direct injection into the anterior chamber was described by a one-compartment model.
As predicted by earlier studies with 5FC (27) and pharmacokinetic theory describing drug elimination in a peripheral compartment (13; Fig. 4 ), drug elimination rates in the aqueous humor were essentially identical to those in the serum. In contrast, the rates of elimination for both compounds following direct injection were significantly more rapid than those following parenteral administration and the half-lives of elimination for amikacin and chloramphenicol were similar (1.20 and 1.01 h, respectively). It appears that drug elimination following direct injection is independent of physicochemical properties which regulate entry from the plasma. This is not surprising in view of the anatomy of the eye and aqueous humor physiology. Aqueous humor is produced in the posterior chamber at a constant rate (approximately 250 pl/h in rabbits [22] ) and exits the anterior chamber via Schlemm's canal, in which no membrane barrier exists. Bulk flow of aqueous humor may explain why antibiotics with disparate properties exit the anterior chamber at the same rate following direct injection. However, confirmation of this hypothesis will require studies with additional compounds. Nevertheless, as observed with 5FC (27) , it appears that concentrations of compounds which readily penetrate the eye following parenteral drug administration are maintained longer than those following local administration.
We have developed and validated a rabbit model which permits rigorous objective pharmacokinetic analysis and determination of population kinetic parameters. Analysis of population pharmacokinetic data using complete concentra-VOL. 35, 1991 on October 28, 2017 by guest http://aac.asm.org/ Downloaded from tion-time curves not only is theoretically preferable to pooling of data from different subjects (26) but also provides robust kinetic information obtained from a small number of animals. Since pharmacokinetic data are important in the design of clinical trials, we believe that additional studies using our model may have fundamental clinical implications not only for antibiotics but for all classes of ocular pharmaceuticals.
